Abstract-Analysts, experimenters, and facilities have fallen into some poor practices in reporting many dosimetry metrics. While the experienced dosimetrist often knows the caveats that apply for a given dosimetry application, without proper reporting critical information is often lost before the data is received by the dosimetrist. In addition, the newcomers to the application of dosimetry are not being educated in the importance of a variation in the irradiation conditions. This paper captures some of the cases where care must be taken in expressing the proper context for a dosimetry metric. Examples focus on the interpretation of the response of a diamond photoconducting detector and a silicon transistor and highlight some common mistakes and some not-so-clear misinterpretations that even the experienced person often makes in this field. A careful study of the underlying physics reveals the non-intuitive trends in some metrics. Suggestions are made on how the community can minimize the chance of a dosimetry-related misinterpretation.
Considerations on the Relationship Between Dosimetry Metrics and Experimental Conditions I. INTRODUCTION
T HE community has become very cavalier about the use of some terminology used for dosimetry metrics. The purpose of this paper is to review some of these poor habits and to sensitize the reader to the issues. It is hoped that this will provide support for the dosimetry laboratories in retaining important distinctions in what they report and lessen the experimenter's push towards a "default" unit conversion that has the danger of losing important considerations in the interpretation of the dosimetry metric. The failures discussed below range from the merely careless (e.g. neglect to properly report units), to the more insidious (e.g. failure to distinguish absorbed dose from ionizing dose), to the subtle and confounding (e.g. misuse of the concept of a 1-MeV equivalent damage).
II. DOSIMETRY REPORTING UNITS

A. Material of Interest
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Digital Object Identifier 10.1109/TNS. 2007 .910293 material of interest be clearly identified. Despite this well understood definition, authors frequently just report units of "rad" or "Gy", leaving it to the reader to infer the material of interest. In the past, the material was typically silicon or tissue-depending on whether the focus of the application was electronic or biological studies. Since water, alanine, and the radiochromic film have virtually identical photon cross sections, gamma facilities frequently use alanine ESR signals or radiochromic film to report dose in or rad(tissue). This close equivalence does not exist when the dosimeters are used in a mixed neutron/gamma radiation field. Air ionization chambers and thermoluminescent dosimeters (TLDs) are commonly used when a dose conversion to rad(Si) is desired. In a mixed neutron/gamma field the response of these dosimeters can also be very challenging to capture [1] . As we start to use more compound semiconductors and users want dose reported in the active area of their device, it is more critical that the experimenter clearly identify the material of interest, e.g. GaAs, Si, InP. Since dose conversion factors depend strongly on the irradiation field, in addition to any other metric requested by the experimenter, the dosimetry laboratory should always report the natural response units for the dosimeter used. The analyst should also cite in experiment documentation the conversion process used to convert from the natural units of the dosimeter to a metric of interest in the application.
This same failure to report the material of interest in the unit specification is also seen with respect to a 1-MeV equivalent fluence. This quantity is defined in ASTM Standard E722-04e1, Standard Practice for Characterizing Neutron Energy Fluence Spectra in Terms of an Equivalent Monoenergetic Neutron Fluence for Radiation-Hardness Testing of Electronics [2] . This ASTM standard provides a detailed energy-dependent listing for this exposure metric for both Si and GaAs.
The standard also describes how, for silicon, this quantity is simply the displacement component of a material-specific kerma and states that one must clearly identify the material referenced when citing this 1-MeV(matl.) quantity. Thus, as for dose, this kerma component should always indicate the material of interest and be notated with units such as 1-MeV(Si)-Eqv. rather than simply 1-MeV. The displacement kerma, the basis for this equivalent fluence in silicon, is commonly referred to as NIEL (non-ionizing energy loss) in recent literature. An equivalent fluence is not "equivalent" for different materials, i.e. a 1-MeV(Si) equivalent fluence is not the same as a 1-MeV(GaAs) equivalent fluence. Furthermore, the "equivalent fluence" can vary when one considers different damage mechanisms. Device gain degradation is the typical damage mechanism of concern, but other damage modes may include the in- troduction of a specific number of a specified type of defect, e.g. a silicon divacancy. Some measurements, or experimental damage metrics, may correlate with point defects, such as the V-O defect in silicon, while others, such as device gain, correlate with cluster defects such as the divacancy. An ion-to-neutron equivalence for one measurement may not hold for the second measurement. In addition, the "equivalence" may scale differently from the local displacement kerma (defined as being in a state of charged particle equilibrium and, by necessity, averaged over the complete ion track) in the active region of a semiconductor when that active region is in the primary ion track rather than in the end-of-range ion track.
B. Dosimetry Laboratory Reporting Units
It is one thing when an author does not clearly report the applicable units in a paper, it is much more serious when a dosimetry laboratory reports a result with misleading units. The reader may assume that this is a rare occurrence. In fact, it is fairly common and it is often is the result of pressure from the experimenter. Most experimenters want dose reported in units of rad(Si)-but the dosimeter used is almost never silicon-based. It is often alanine or a thermoluminesent dosimeter composed of CaF :Mn or LiF. Dosimeter calibrations are typically done using a gamma source. For this high energy photon, the difference between a CaF :Mn and rad(Si) is small, only 2%. But when this dosimeter is used in a softer x-ray field, the difference can be more than a factor of two. Fig. 1 shows the photon energy-dependent energy absorption coefficient ratio between silicon and several other types of dosimetry materials. The dosimetry laboratory typically does not even know the details of the user irradiation spectrum for the dosimeter. Dosimetry laboratories often report the CaF :Mn TLD dose in units of rad(Si) and provide a footnote in small print that states that this assumes use of a gamma calibration source. A much better approach is to report TLD dose in the natural units of the dosimeter response, rad(TLD), and use a footnote to provide a conversion to rad(Si) in a field. This second approach is more likely to result in the experimenter considering the spectrum of the irradiation field before he proceeds.
Another example of this occurs in the reporting of personnel neutron dosimetry when using TLDs (or combinations of and TLDs). For personnel dosimetry applications the absorbed dose is reported in units of rad(tissue) and makes an assumption on the neutron spectrum that was encountered. If an experimenter's project takes him to a 14-MeV neutron generator and to a pool-type reactor, the TLD-response to rad(tissue) conversion is quite different. The user does not typically use different personnel dosimeters in different radiation facilities. While the "most likely" neutron field to be encountered may have been selected from a set of choices by the user or his manager when the dosimeter was assigned, it is doubtful that this person ever considered the importance of this selection on the interpretation of the reported dose. If the dosimetry laboratory reports the actual measurement in units of and provides a field-specific conversion, the worker is much more likely to be sensitized to the importance of the assumption on the neutron field spectrum.
A third example is the laboratory reporting of a neutron fluence. Common research reactor neutron monitors include nickel activation foils using the reaction and sulfur pellets using the reaction. The Ni monitor is read with a high purity germanium counter and has a natural reporting unit of Bq/gm for the resulting isotope. The sulfur pellet typically uses a beta counter and is used in conjunction with a transfer calibration to a reference neutron field. The sulfur monitor has natural dosimeter units corresponding to the transfer calibration process, namely -equivalent fluence. This can be converted to a different fluence metric by using the proper dosimetry cross section and knowledge of the neutron field spectrum appropriate to the user experiment. The nickel or sulfur dosimeters are used because they are sensitive to neutrons above 3-MeV and not easily perturbed by the local test object. Many experimenters pressure the dosimetry laboratory to routinely report in units of 1-MeV(Si)-equivalent fluence. For clearly identified and well-characterized neutron fields this conversion is straightforward. However, experimenters often fail to clearly or correctly identify the neutron field used, and fail to appreciate the importance of specifying the neutron field. A dosimetry laboratory should properly report units of Bq/gm or -eqv fluence in these cases and point the user to a table of conversion factors for well-characterized neutron fields.
C. Consideration of Dosimeter Construction and CPE
A calculation of the integral radiation environment or a passive dosimeter is often used to normalize the response of an active dosimeter. An example of this is the use of a diamond photoconducting detector (PCD) for a time profile while normalizing the response to rad(Si) as reported by silicon calorimeter. The PCD provides the very rapid response to a radiation pulse while the user really is interested in a description of the environment in terms of rad(Si)/s rather than rad(C)/s. When treating this combination of dosimeter readings, only a few users will consider the issue of charged particle equilibrium (CPE) in the radiation field. Fig. 2 shows the photon energy-dependent response of a Sandia diamond PCD. At low energies the photons can be absorbed by the housing and make no contribution to the PCD signal. This lack of CPE is demonstrated by the deviation of the dose from the kerma in Fig. 2 . What is seldom considered is that at high incident photon energies, secondary particles can exit the dosimeter, as it is modeled in most radiation transport modeling. The issue of CPE in the active area of the dosimeter results in modeling approaches requiring consideration of the surrounding environment, often even including modeling of the experiment floor and room return. If an experimental approach is used with passive dosimeters for normalization of the active dosimeter, then the radiation contributions to the signals from both the high and low energy photons need to be matched in the two (active and passive) dosimeters.
III. DAMAGE METRICS
A. Displacement Damage
ASTM standard E722 provides a neutron displacement kerma for GaAs and then explains that, unlike for silicon, this displacement kerma does not directly correlate with observed GaAs semiconductor neutron-induced gain degradation in many devices. Thus one needs to distinguish a displacement kerma from a damage function, and to clearly identify the damage mode of interest. The ASTM standard gives a numerical listing of the 1-MeV(GaAs)-Eqv. damage function since the focus of the standard is the "equivalent damage" between different neutron facilities and differentiates this from an "equivalent displacement kerma".
The E722 standard only addresses gain degradation as a damage function for neutrons, but for silicon this damage function is found to be indistinguishable from the displacement kerma. A total kerma can be decomposed into several components: the energy going into ionization, energy into binding energy for displacement lattice atoms, and energy dissipated as phonons into the lattice. The displacement kerma is made up of the energy going into the formation of a Frenkel pair, i.e. the binding energy, and the energy going into lattice phonons as a result of the collision process.
A displacement kerma can be calculated for interactions of particles other than neutrons [3] , [4] . In fact, the neutron kerma is calculated by characterizing the number and energy distribution of recoil ions resulting from a neutron interaction and using a methodology such as the LSS theory [5] to divide the recoil ion energy into ionizing and non-ionizing (e.g. displacement) terms. So a total and a displacement kerma can be defined for an ion impacting on a target lattice. A displacement kerma can be defined for any type of irradiation, neutron, ion, pion, or photon, but this does not represent a 1-MeV(matl) exposure as defined in ASTM E722. ASTM E722 only applies to neutron equivalent damage. The term defined as "1-MeV(matl.) neutron equivalence fluence" is not addressed by E722 for ions and has no meaning until the nature of such an equivalence has been defined. The displacement kerma can be defined for ion irradiations, but it has no meaning beyond that included in the concept of the displacement kerma for the incident particles. It certainly cannot be assumed to relate to a "damage equivalence". An ion (or any non-neutron) irradiation that produces a similar displacement kerma can not be assumed to produce an "equivalent" damage response in a semiconductor until the correlation between measured device degradation (carrier lifetime, gain, etc.) and the calculated metric (NIEL or displacement kerma) is validated. Furthermore, the validity of any damage correlation should not be extended from one damage mode to another. That is, a correlation for device gain degradation does not imply that neutron-induced single event upset will be similarly correlated. 1 The reader may say "of course not, the physics is different in these two neutron damage modes". This is true, but the example serves to highlight the point that underlying physics equivalence is what is important. Analysts have to be careful even when they think that they understand the underlying physics equivalence. For example, when one considers bipolar device gain degradation, one looks at changes in the minority carrier lifetime in the bulk base. But ionizing dose to the oxide can also affect the gain in a bipolar device without affecting the minority carrier lifetime. This complicates the correlation of bipolar gain degradation with displacement kerma. This is especially true for heavy ion irradiations where the ionizing dose to the oxide can be very large and can often decrease the gain of a bipolar device to 10% of the pre-irradiation gain. So, a bipolar gain degradation damage response function should address (or limit) the associated incident ionizing dose as well as provide an energy-dependent displacement-related functional representation. Even for neutron irradiations, ASTM E 1855-96 "Standard Test Method for Use of 2N2222A Silicon Bipolar Transistors as Neutron Spectrum Sensors and Displacement Damage Monitors" [6] places limits on the ionizing dose that can be delivered during the irradiation and specifies a method for compensating device gain for this oxide degradation effect.
Device gain degradation is just one potential damage mode. The neutron-induced gain degradation is related to the introduction of specific types of lattice defects. Deep level transient spectroscopy (DLTS) or electron paramagnetic resonance (EPR) techniques can be used to measure defect populations (or at least relative populations between different types of [5] irradiation fields). Neutron, electron, and heavy ion irradiation can result in different relative ratios of defect types. Fig. 3 illustrates this for DLTS signals that have been normalized to the neutral divacancy peak, located near a DLTS sweep temperature of 140 K. The peak near 90 K is the VO defect. The peaks near 230 K are a combination of several different types of defects, including the charged divacancy, the VP defect, and an additional cluster-related defect. So, a gain-degradation equivalent fluence for silicon may imply an equivalent displacement kerma, but does not necessarily imply an equivalent number of divacancies or vacancy-phosphorous defects. Equivalence means exactly what was built into the damage mode under consideration and no more. For example, in the case of silicon, one can not assume that an "equivalent neutron fluence" obtained at different reactor spectra and as determined by the damage response (displacement kerma as correlated with gain degradation) represents a common defect population (type and numbers).
B. Dose vs. Ionizing Dose
In a mixed neutron/gamma reactor field, one must take into account that the dose is delivered from both neutrons and gammas. The neutron contribution to dose is often assumed to be small, 10%. This is based on rules-of-thumb developed for silicon devices in pool-type reactors. Table I shows that the neutron contribution to total dose in a typical pool-type reactor environment, the ACRR central cavity [7] . The neutron component of dose can be very significant, up to 69%, for some common dosimeter materials, such as alanine. This is primarily due to the hydrogen content of the materials with a high neutron response. Many system specifications cite a radiation exposure requirement in terms of an ionizing dose, but the response function used in calculating the environment typically corresponds to the total dose. For gamma dose, the absorbed dose and ionizing dose can be considered to be identical. For neutron dose, there can be a very large difference, and Table I illustrated that the neutron dose can be an important contributor. Fig. 4 shows the energy-dependence of the division carbon ion energy that goes into producing ionization rather than displacements (phonons and defect introduction). Table II shows the integral partitioning of the primary and recoil energy from a 50-keV carbon ion into a carbon lattice. When the energy dependence of the ion dose partitioning is convoluted with the neutron-induced recoil primary knock-on atom (PKA) or recoil spectrum, the result is the fraction of the neutron absorbed dose that is ionizing. Fig. 5 shows the neutron energy-dependence for the energy partitioning into ionizing and non-ionizing components in a carbon matrix. These data are shown in Table III for a range of reactor environments. The examples addressed in Tables I, II , and III refer to absorbed dose in silicon and carbon since these materials are used on some active dosimeters, e.g. silicon PINs, diamond PCDs, and silicon calorimeters. When comparing the response of active dosimeters, the dosimeter response needs to be carefully considered. A calorimeter responds to the total dose, but a silicon PIN or a diamond PCD responds only to the ionizing component of the dose. The fluence weighted average ratio of ionization-to-total Correction for neutron ionizing component can result in 5-11% change in the calculated ionizing dose. Reactor environments are described in ref. [5] dose ratio for the SPR-III cavity spectrum is 77%. Since all neutrons do not deliver the same dose, this fluence-weighted ionization component corresponds to about 85% of the carbon dose in the SPR-III cavity being ionizing. Table III shows that, for diamond in some reactor environments, the proper treatment of the non-ionizing component of the neutron total dose can result in a 11% correction to the reported ionizing dose in a diamond PCD.
C. 1-MeV(Matl.) Equivalence
Other authors [8] have pointed out that, with ever decreasing device feature sizes, charged particle equilibrium cannot be assumed to exist, thus limiting the use of a kerma concept. The limits are imposed by the recoil ions escaping the target region. In these cases an analogous quantity of displacement dose needs to be considered. For small feature silicon devices the damage function may need to be changed from a displacement kerma to a displacement dose, or else requisite conditions defined that ensure that a charged recoil particle equilibrium can be applied to recoil ions, and thus, with respect to the introduction of Frenkel pairs. 
IV. UNCERTIANTY CONSIDERATIONS
A. Uncertainty in Metrics
The uncertainty in many calculated quantities is often calculated from the cross section uncertainty [11] . However, in many cases the uncertainty from the energy partitioning can also be an important contributor [12] . For metrics such as the absolute number of Frenkel pairs or the electron-hole pairs, the potential used for the ion-lattice interactions can be an important contributor to uncertainty. Table IV shows the sensitivity of ionization partition to the electronic potential and the methodology used to calculate the quantity. For high ion energies the dose is almost all ionizing and the variation is small. At low ion energies, considerable variation (30%) is seen. The LSS methodology refers to the Robinson fit [13] to the LSS partitioning. The difference in the SRIM methodologies depends on if one looks at the stopping power for the exact ion energy or integrates the energy partition over the ion track.
B. Uncertainty in 1-MeV(Si)-Eqv. Response Function
The proper uncertainty to attribute to a response function depends upon the application. When one is using the ASTM E 722 standard, the 1-MeV(Si)-Eqv. response can be treated as an "exposure metric" to correlate neutron irradiation between facilities. In this context the uncertainty in the E722 response is not important (can be assumed to be zero by definition of the task) so long as all laboratories use the same version of the response function.
If one is trying to establish the correlation between the response function and measured damage, e.g. gain degradation in bipolar transistors, then the accuracy of the energy-dependent response can be critical to establishing or refuting the correlation of the physics-based response with the observed damage. There are two critical considerations in establishing the uncertainty of the 1-MeV(Si) response in so far as it represents the proper displacement kerma, or NIEL. The first is the cross section uncertainty and the second is the damage partition uncertainty.
The recent release of the ENDF/B-VII cross sections [14] , [15] permits one to compare the best current representation with that found in the current E722 standard. The updated calculated displacement kerma is shown in Fig. 6 . This calculation uses all naturally occurring silicon isotopes, the best estimate of the average silicon displacement threshold energy [16] , 15 eV, and the NRT treatment [17] of displacements near the threshold energy. Fig. 7 shows the differences between this calculation and the previous ENDF/B-VI-based displacement kerma [18] . The three large spikes in the difference ratio can be traced back to the current inclusion of all the silicon isotopes. The previous E722 response only considered the isotope. There is a small offset, clearly seen in the low energy region. This offset is attributed to the high fidelity treatment of the displacements near the threshold energy. Previous work [19] has shown that this offset is common when changes are made in the displacement threshold treatment and that the offset is systematic across neutron energy. Fig. 7 shows a small difference in the high energy portion of the response, but this difference is consistent with the underlying cross section uncertainties.
While the values of some of the silicon cross sections have changed, the underlying uncertainties assigned to the cross section components have not changed. The impact of the cross section uncertainty on the silicon displacement kerma has been previously reported [11] and this uncertainty is expected to still apply to the updated response. The energy-dependent correlation in the response can also be an important consideration. Fig. 8 shows the relative correlation matrix for the silicon displacement kerma, as previously reported [11] .
C. Time-Dependent Reactor Diagnostics
One of the most difficult dosimetry tasks is to measure the neutron fluence rate in a mixed neutron/gamma environment of a research reactor. Previous work [20] , [21] showed that a diamond PCD was one of the best active dosimeters for this purpose. Fig. 9 shows the PCD time profile for a representative large pulse in the SPR-III fast burst reactor. It is critical that the experimenter recognize that the PCD records the time-dependent ionizing dose rate in carbon, not the neutron fluence rate. Fig. 10 shows the prompt and delayed neutron and gamma components of a SPR-III pulse as decomposed from the PCD response. This decomposition uses the distinctions between ionizing dose and dose rate discussed earlier in this paper as well as models for the delayed radiation time profiles [22] . Fig. 11 compares the normalized time profile from the PCD with the deduced neutron fluence rate. A significant difference in the temporal profile is seen from about 0.1 second onwards. This example indicates how critical it is to carefully treat the neutron/gamma mixed field response of a dosimeter when interpreting its response. If one is looking at the transient neutron response of a transistor gain and uses the PCD signal time profile as a measure of the neutron fluence rate, there could be a serious error introduced into the interpretation of the early-time (0.1 second to several minutes) damage annealing in the transistor.
V. RECOMMENDATIONS
The discussion of common dosimetry misinterpretations of dosimeter response identified a few recommendations that might lessen the chance of future errors. These recommendations can be summarized as follows.
• Dosimetry results must be reported directly in the units measured. Any unit conversion must specify assumptions used in the conversion.
• Discussion of "damage equivalence" should be replaced by discussion on "damage correlations." True equivalence requires a microscopic "equivalence."
• Uncertainties in the interpretation of dosimetry results must be treated with much more rigor. Uncertainties from more of the underlying physics need to be incorporated.
• Interpretation of late-time active dosimetry in reactors needs to address time-dependent changes in the neutron/ gamma ratio, spectra, and mixed-field response of the sensor.
VI. CONCLUSION
This paper captures many of the cases where subtle differences in how dosimetry metrics are reported or calculated can have significant effects on the interpretation of data. Examples are presented for the interpretation of diamond photoconducting detectors, silicon calorimeters, and 1-MeV(Si)-equivalent-damage transistors. The meaning of "damage equivalence" is examined and distinguished from "damage correlation". Recommendations are provided to ensure that any dosimetry misinterpretations are made more visible to stakeholders and more readily identified and resolved.
